A unified interpretation of dynamic effects, which are common for a series of seemingly quite different physical processes such as pulsed fracture of solids, electric breakdown, and phase transitions under the action of fast energy fluxes is given. This general treatment is possible using the structural-temporal approach based on the notion of process incubation time.
Introduction
One of the basic problems in testing mechanical and electric strength properties of materials is associated with the dependence of the limiting strength characteristics on the duration, amplitude, and growth rate of an external action, as well as on a number of other factors. This and some other specific features of continuum behavior under pulse actions are common for a series of seemingly quite different physical processes such as pulsed fracture of solids, electric breakdown, and phase transitions (melting, crystallizing) under the action of fast energy fluxes. The main reason of that is the united spatio-temporal nature of fracture and structural transformations. In the present paper examples illustrating typical dynamic effects in the abovementioned processes are considered. A unified interpretation of dynamic fracture of solids and fluids, electric breakdown, and phase transitions using the structural-temporal approach based on the notion of process incubation time is given.
Incubation time approach to dynamic fracture
The main difficulties in modeling the dynamic effects of mechanical strength, yielding and phase transitions is the absence of an adequate limiting condition that determines the possibility of rupture, yield or phase transform. The problem can be solved by using both the structural fracture macromechanics and the concept of the incubation time of the corresponding process, representing nature of kinetic processes underlying formation of macroscopic breaks, yield flow or phase transformation. The above effects become essential for impacts with periods comparable to the scale determined by the fracture incubation time that is associated with preparatory relaxation processes accompanying development of micro defects in the material structure.
The criterion of fracture based of a concept of incubation time (Petrov (1991) , Petrov and Morozov (1994) , Morozov and Petrov (2000) ) makes it possible to predict unstable behavior of dynamic-strength characteristics. The criterion can be generalized to the following limiting condition:
(1)
Here, F(t) is the intensity of a local force field causing the fracture (or structural transformation) of the medium, c F is the static limit of the local force field, and τ is the incubation time associated with the dynamics of a relaxation process preparing the break. It actually characterizes the strain (stress) rate sensitivity of a material. The fracture time * t is defined as the time at which condition Eq. (1) becomes equality. The parameter α characterizes the sensitivity of a material to the intensity (amplitude) of the force field causing fracture (or structural transformation). As has been demonstrated previously (Petrov (1991) , Petrov et al (2003) , Petrov and Sitnikova (2005) ) the set of special cases of the dynamic fracture criterion (1) successfully predicts fracture initiation in brittle solids. For high loading rates when the times to fracture are comparable with τ , a variety of effects observed in dynamic fracture experiments has been explained qualitatively and quantitatively using incubation time approach (some were summarized in the monograph by Morozov and Petrov (2000) ).
Electric breakdown
Experiments on the breakage of continuous media and the breakdown of vacuum and dielectric gaps under the pulse action of mechanical stresses or of electric voltage have revealed a number of effects that show the principal difference between a fast dynamic fracture (breakdown) and a similar process during slow quasistatic actions. In the case of the electric strength, this function is expressed by the experimentally measured voltage-time characteristic dependent on a number of parameters of both the applied pulse and the breakdown gap including the material of electrodes, their geometry, the microrelief of surfaces, and other characteristics substantially affecting autoemission currents, the leading role of which in the mechanism of initiation of the discharge is reasonably full investigated in numerous works. Under slow action, it is a phenomenological criterion of the limiting electric field intensity that proves to be a reasonably efficient tool of modeling and prediction of the electric strength:
where c E is the critical intensity, which can depend on many material and geometrical factors including the interelectrode distance, and t is the time. Under a fast increase in the applied voltage, which is inherent for pulse modes, the experimentally determined critical values of fields are characterized by a strong time dependence and, as a result, their behavior proves to be unpredictable.
The electric breakdown criterion corresponding to the structural-time approach can be expressed in the following form:
where c E is the static electric strength of the material, which can depend on the interelectrode distance, and τ is the incubation time of breakdown determined by the material and geometrical factors of the gap affecting the kinetics of avalanche multiplication of electrons in the discharge. The value of time at which the sign of equality in Eq. (3) is fulfilled for the first time is defined as the breakdown time (in the particular case, the "breakdown delay", Mesyats (2005)). The phenomenological and physical bases of criterion (3) were discussed by Petrov and Glebovskii (2004) . An important feature is the limiting transition to condition (2) in the particular case of a slow input of energy, i.e., when the characteristic times of the initial voltage pulse greatly exceed. The parameters of limiting condition (3) are considered as integrally including physical features of the broken-down media and the gap together with the surface microrelief of electrodes affecting the autoemission; the gap can considerably change even for a fixed material, for example, as a result of conditioning processes.
Consider the case of breakdown at the forward front of the pulse in the simplest approximation in which the voltage across the gap increases linearly after a certain zero moment of time:
where A is the constant speed of the increasing electric field intensity and ) (t H is the Heaviside function.
Substituting function (4) into criterion (3), we determine * t . Designating ) ( * * = t E E and taking into account that * * = t E A / in our case, we obtain two mutually inverse relationships between the value of breakdown intensity * E and the time * t (breakdown delay):
The obtained analytical relations enable us to construct the time dependences of electric strength observed under conditions of experiments by Kalyatskii et al (1975) , Vavilov and Mesyats (1970) , Kassirov (1966) , Mesyats et al (1969 ), Juttner (1969 . In Fig. 1 we show the experimental dependence of the vacuum breakdown time on the breakdown electric field intensity for copper electrodes and that calculated (solid curve) from Eqs. (3)-(5).
The calculation carried out and the experimental data distinctly reveal two branches in the time dependence belonging to the slow quasi-static and fast dynamic input of energy. The quasi-static branch depends mainly on the parameter c E , whereas the dynamic branch is caused by approaching the values of characteristic times of the applied voltage to those of the incubatory breakdown period τ . Thus, τ can be considered as the parameter integrally describing the dynamic strength of this material and the corresponding gap, while the pair ) , ( , while both the static and dynamic strength of the original and "conditioned" gaps vary by two orders of magnitude. It seems natural to interpret this parameter as a minimum ("threshold") momentum of the force field sufficient to wrest the required number of electrons for the subsequent formation of avalanches, and as such it can be regarded as a characteristic of the electrode material.
Phase transformations
Temporary effects associated with sudden impulse action and manifested in the form of an offset of critical points on the phase transformation diagrams are often treated as anomalies of phase transitions under intense pulsed external actions. Effective means of explaining and modeling these effects and other effects in unsteady loading is the structural time approach based on application of the criterion of the incubation time that corresponds to the specific dynamic structural transition. We assume that this transformation is not a momentary event, but a process characterized by a certain incubation period m τ . Consider the criterion of phase transformation in the following form:
where ) (t p p = is a local pressure history that is effected at the transition "point" of medium during particular impact loading, m p is a mean ("equilibrium") pressure, which should be realized during the incubation period m τ in order to phase transformation of the material occurred. It corresponds to the pressure determined from the corresponding equilibrium "
When the equality in (6) is reached phase transition occurs and the corresponding temperature of the material in this case is defined as the transformation temperature m T T = . Solving the problem of determining the appropriate temporal profile of the pressure pulse that causes the transformation, and substituting this solution into criterion (6), we can obtain the dependence of the causing phase transformation critical (threshold) amplitudes * T p − -diagrams" of the form (7) coupled with the condition (6) can serve as an effective tool for analyzing the fast transient processes of structural and phase transformations in continua.
As an example of utilizing of this approach consider the phenomenon of freezing of water under intense short pulsed action. Our particular interest are the papers by Dolan and Gupta (2004) and Dolan et al (2005) , in which the experimental data were obtained for phase transformation of water into ice by dynamic compression in the nanosecond range duration of loading. Observations showed that transformation does not occur immediately upon reaching the pressure value predicted in accordance with the conventional modelling, but happens after some time other than the time expected.
We consider the following equation due to the melting point at high pressures given by Pistorius et al (1968) : 
In experiments by Dolan and Gupta (2003) and Dolan et al (2005) rather complicated way to achieve peak pressure over time graphically was demonstrated. However, in order to simplify the model, we use the following temporal dependence of the pressure:
where 0 t is duration of impact, ) (t H is Heaviside function.
We consider the temperature dependence of the incubation time in the following form:
where 0 τ is constant factor the time dimension, G Δ is the activation energy of crystallization (negative value), k is the Boltzmann constant. Note that the constant 0 τ depends on the configuration of ice and should be determined experimentally. Dependence of the pressure amplitude on the crystallization temperature corresponding to the phase transition of water into ice-VII calculated from (6)- (10) is presented in Fig.2 . Fig. 2 . Phase boundaries of water in the high pressure region: 1 -the equilibrium melting curve by Pistorius et al (1968) 2 -calculation in accordance to (6)- (7) Dolan and Gupta (2004) Thus, it is possible to construct a fairly simple and effective model of water transition from the liquid to the solid phase under extreme action, corresponding to short pulsed loading. Based on the concept of incubation time of the phase transformation an offset of critical points on the phase melting curve can be effectively predicted. The proposed model is in a good agreement with experimental data and is simple in its practical utilization.
